Increased detection thresholds for pure tones were observed in a large cohort of children exposed to lead environmentally while smaller studies in lead-exposed workers have reported conflicting results on assessments of auditory function. Pure tone detection thresholds were determined in a group of monkeys (Macaco fascicularis) dosed with 2 mg/kg/day of lead from birth through testing at 13 years of age. Blood lead concentrations were stable at about 30 /ig/dl until monkeys were 10-11 years of age, at which time they increased to between 50 and 170 /xg/dl. Five age-and rearingmatched monkeys served as controls. Detection thresholds were determined at six frequencies between 0.125 and 31.5 kHz. Earphones were fit over both ears, and thresholds were determined for each ear separately. The monkey signaled detection of the tone by breaking contact with a stainless steel bar. Three lead-exposed monkeys exhibited normal pure tone detection functions. Three monkeys had thresholds outside of the control range at some frequencies; there was a tendency for higher frequencies to be differentially more affected. These findings are consistent with reports of elevated pure tone thresholds in humans exposed to lead developmentally, although the effect is smaller than might have been predicted given the concurrent blood lead concentrations of these monkeys.
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and Otto, 1987) . Dietrich et al. (1992) assessed auditory processing in a subset of children in the Cincinnati prospective study. Elevated blood lead levels were associated with a decreased ability to identify words when specific frequencies were filtered out (i.e., when information was missing). Reports on the effects of lead on detection of pure tones in lead workers are conflicting (Baloh et al, 1979; Repko and Corum, 1979) . Both positive and negative results have also been reported on BAER latencies in lead-exposed workers (Discalzi et al, 1993 (Discalzi et al, , 1992 Hirata and Kosaka, 1993; Murata et al, 1993) . The effects of lead on auditory processing have also been investigated in monkeys. Effects on BAER latencies have been observed following both in utero and postnatal exposure (Lilienthal et al, 1990; Lilienthal and Winneke, 1996; Lasky et al, 1995) . Differences in cortical potentials in response to speech sounds have also been observed in rhesus monkeys exposed to lead either pre-or postnatally (Morse et al, 1987; Molfese et al, 1986) . However, no studies to date have included behavioral assessment of actual hearing ability. The present experiment assessed detection of pure tones with a psychophysical procedure in adult monkeys exposed to lead from birth.
METHODS
The ability of lead to produce impairment in intellectual functioning as a result of developmental exposure is well established (Needleman, 1992; ATSDR, 1988) , but only a few investigations have assessed the effects of developmental lead exposure on auditory function. Changes in cortical evoked potentials (Otto et al, 1981 ) and brain stem auditory evoked potentials (BAERs) (Robinson et al, 1987; Otto, 1987) as a function of lead exposure have been observed in children. A study of about 4500 children with blood lead levels spanning from below 5 //g/dl to over 35 /xg/dl reported increased thresholds for pure tones at 500, 1000, 2000, and 4000 Hz using a psychophysical procedure; there was no apparent threshold for this effect (Schwartz
Subjects and Dosing
Monkeys (Macaca fascicularis) were separated from their mothers at birth and reared in the Neurotoxicology Primate Colony. The lead-treated group consisted of six monkeys (three of each sex) dosed with 2 mg/kg/ day (2.8 mg/kg 5 days per week) of lead as lead acetate as described previously (Rice, 1988) . Lead acetate in a glycerine vehicle was inserted into gelatin capsules and handed to the monkeys, who consumed them voluntarily. Controls were dosed with vehicle only. Blood lead levels were determined by anode stripping voltametry as described previously (Rice, 1985) . Blood lead levels were determined every month to 1 year of age, every 2 months to 2 years of age, and every 4 months thereafter. Blood lead levels peaked by 100 days of age and decreased to a steady-state level after weaning from infant formula at 270 days of age. When these monkeys were 10-11 years old, blood lead levels began to rise, in the absence of any change in dosing or feeding regimen. There were no concomitant in- creases in blood lead levels in other groups of monkeys in the colony exposed to lower doses of lead. Mean blood lead levels were calculated for each lead-treated monkey for 100-270 days of age, during steady state (3-9 years), and 1 year prior to testing through the testing period at approximately 13 years of age (Table 1) . Overt signs of lead toxicity were not observed. Monkeys had normal serum biochemistry and hematology throughout life (Rice, in press ). Monkeys had undergone behavioral testing on a variety of tasks to assess cognitive function (see Rice, 1992a , for review). Five nursery-reared age-matched monkeys (two females and three males) were chosen as controls. All monkeys had extensive operant experience. No monkey ever received any known ototoxic agent.
Monkeys were housed in a facility approved by the Canadian Council for Animal Care, and procedures were conducted in accordance with die "Guiding Principles in the Use of Animals in Toxicology." Room temperature was 22°C ± 2, and relative humidity 50-60%. Light:dark cycle was 12hr:12hr. Monkeys were tested between 8:00 AM and 2:00 PM, in the same order each day. Food was not restricted at any time. Each monkey was provided water following the experimental session equal to at least 50 ml/ kg body weight.
Behavioral Methods
Equipment and calibration procedure. Individual sine-wave frequencies were generated by a Krohn-Hite (Avon, MA) oscillator Model 4141R. Sine-wave tones were fed through an attenuator to a rise-fall pulse shaper (Model 584-04, Coulbourn Instruments, Lehigh Valley, PA), audio-mixer amplifier (Coulboum Model S82-24), and 40-dB attenuator to the earphone (Sennheiser HD540 Reference Gold, Wedemark, Germany). Rise and fall time was a 200-msec linear ramp. Headphone amplitude was calibrated using Bruel and Kjaer (Naerum, Denmark) precision sound level meter Model 4230, Bruel and Kjaer sound measuring amplifier 2610, and Bruel and Kjaer one-half-inch condenser microphones 4134 (to 20 kHz) and 4136 (to 40 kHz). For calibration purposes die headphone and the microphone were mounted in a custom-made Plexiglas felt-lined apparatus placed inside the auditory acoustic testing chamber. An adaptor from the Bruel and Kjaer precision sound level calibrator (Type 4230) was placed in an aperture in the face of the felt-lined box. The microphone was fitted into the adaptor. The headphone was sealed over the center-mounted microphone for sound pressure level readings. The calibration data were used to produce a linear headphone response from 85 Hz to 40 kHz. The linearity and absolute value of frequency and amplitude were checked monthly and the direshold data adjusted accordingly when necessary. Control monkeys were tested over a period that encompassed testing of all treated monkeys.
Behavioral procedure. Schedule control and data acquisition were by means of a behavioral notation language (Gilbert and Rice, 1979) run on a Nova 4 minicomputer (Date General, Southboro, MA). The monkey sat in a primate chair, restrained at the neck and the waist, inside a soundattenuating cubicle. Earpieces attached to the primate chair were precisely positioned over each ear for delivery of the auditory signal. Different size chairs were used for individual monkeys as appropriate. The monkey initiated a trial by touching a stainless steel bar which completed a ground loop sensed by the computer. This resulted in a signal light facing the monkey changing from red to green and initiated a variable foreperiod of 2, 3, 5, or 7 sec, chosen randomly within each group of four trials. After the foreperiod, the tone to be detected was delivered monaurally. Release of the bar within 1.5 sec resulted in offset of the tone and delivery of 0.5 ml apple juice followed by a 3-sec intertrial interval (ITI). Failure to release in 1.5 sec resulted in offset of the tone, and the signal light changing from green to white. Release of the bar then initiated the m. Premature release of die bar before tone onset resulted in a 10-sec time out (TO) period and a repeat of die trial. Sessions comprised 100 completed threshold-testing trials. Thirty-three additional trials were catch trials with a 7-sec foreperiod in which a tone 12 dB above the previous stimulus was used as the signal tone. Failure to release the bar within 5 sec after die onset of the tone resulted in a TO period; release resulted in reinforcement. Monkeys were tested one session per day, 5 days per week. Only one ear and one frequency were tested within a session. No sound was delivered to die other ear. The session began with a high-intensity sound that was above the threshold for that frequency. The first 15 correct responses each decreased the amplitude by 3.0 dB; subsequent correct responses decreased the amplitude by 3.0 dB with a probability of one-third. Each failure to respond to die tone onset increased die amplitude for the next (noncatch) trial by 3.0 dB. This schedule resulted in direshold being estimated at 75% correct.
A session was included for direshold determination if the monkey made a premature release in fewer Uian 10% of noncatch trials and made either a premature release or a failure to release on a total of fewer than 15% of catch trials. The midpoint decibel value between each pair of changes of direction in amplitude, i.e., between when amplitude began increasing as the result of an error and decreasing as the result of a correct response according to the specified schedule criteria, or vice versa, was determined for the last 60 noncatch trials. The threshold for the session was calculated by determining the median of these midpoints. A graph of the amplitude across trials was also printed for each session. In almost all cases the crossover points for the last 60 trials were characterized by a lack of slope, i.e., the threshold drifting neither up nor down. Sessions that did not meet this criterion were excluded. A threshold for each frequency for each ear was calculated as the mean threshold from the three sessions with the lowest (best) thresholds out of the five good (as defined above) sessions. The frequencies tested were 0.125, 1,4, 10, 25, and 31.5 kHz. Testing began at 4 kHz in the left ear, frequencies were tested sequentially down and then up from 4 kHz first in the left ear and then the frequencies were tested in the same order in the right ear to maximize practice effects. Threshold testing to criterion was repeated for outlying thresholds for lead-treated monkeys, and the lowest determination was considered to be threshold. In no case did this result in a substantial change in threshold estimation, however. Other measures of performance included the number of responses in ITI and TO and latency to respond as a function of foreperiod.
Data are presented and discussed for each treated monkey individually, because of the individualistic pattern of results. Thresholds for treated monkeys were compared to the range of control values. This approach was considered to be the most suitable given the relatively small number of control subjects in the study from which to determine normative values, coupled with the individualistic pattern of impairment in lead-exposed individuals. While the use of 95% confidence intervals has been suggested for such comparisons, such a strategy only provides the confidence with which the mean is estimated and does not provide information on normal ranges (unlike percentiles, for example). The use of 95% confidence intervals with the present data also leads to misleading conclusions, since there were a number of thresholds from treated monkeys that were outside the 95% confidence intervals but inside the range of control values.
RESULTS
The five controls monkeys had curves of similar shape. Monkeys 10 and 55 had higher thresholds at 1 kHz than the three other controls (Fig. 1) . Thresholds for all frequencies for treated monkeys 95, 97, and 105 were below the upper bound of control values (Fig. 2, Table 2 ). Monkey 93 exhibited thresholds higher than the highest control value at all but the lowest frequency tested, with the greatest deviation at the highest two frequencies. The threshold in the right ear was elevated about 23 dB at both 25 and 31.5 kHz, while thresholds for the left ear were elevated about 9 and 3 dB for the two frequencies, respectively. Monkey 100 had elevated thresholds in both ears at 25 kHz, and in one ear at 31.5 kHz. Thresholds at 0.125 kHz were also slightly higher than control values. Monkey 112 displayed an elevated threshold in the right ear at 4 kHz, normal thresholds at 10 kHz, and elevated thresholds in both ears at 25 and 31.5 kHz, with the left ear having higher thresholds than the right. The threshold in the left ear at 25 kHz was about 25 dB higher than that of the upper limit of the range of control values and was elevated about 15 dB at 31.5 kHz. There were no differences between control and treated monkeys for measures of schedule control including responses in TO and ITI.
Premature releases and failures to respond to superthreshold stimuli also did not differ between groups. Response latencies at threshold were 500-800 msec and did not vary as a function of foreperiod, nor were they different between groups.
DISCUSSION
The psychophysical curves for the five control monkeys were of the expected overall shape, as were the absolute values of the thresholds at individual pure tone frequencies, based on published data from macaques (Stebbins and Rudy, 1978; Stebbins et al., 1966; Pfingst et al., 1978) . Three of six lead-treated monkeys exhibited detection thresholds higher than the range of control values. In general, effects were observed at higher frequencies in affected individuals. An interesting finding was the lack of consistency between ears at a particular frequency for an individual. There was in some cases as much as 20 dB difference in threshold between the two ears. In addition, one individual exhibited an elevated threshold in the right ear at 4 kHz, no elevation at 10 kHz, and greater elevation in the left than the right ear at 25 and 31.5 kHz. This disorderly pattern of elevated thresholds is quite different from agents that produce cochlear pathology. For example, agents that damage the outer hair cells of the basal turn of the cochlea such as aminoglycoside antibiotics (Stebbins and Rudy, 1978) and quinine (Hennebert and Fernandez, 1959) produce bilateral deficits which occur first at high frequencies and progress to lower frequencies with increased exposure, in an orderly manner. It is probable that the damage produced by lead is not at the level of the cochlea (see below) and may be the result of patchy damage to higher levels of the auditory system. The results of the current study are also different from those of a previous study in our laboratory on the effect of exposure to methylmercury from birth to 7 years in monkeys tested at 13 years of age (Rice and Gilbert, 1992) . In that study, four of the five treated monkeys exhibited impaired ability to detect pure tones. The degree of impairment increased at progressively higher frequencies in an orderly manner and was fairly uniform bilaterally in most cases. Three monkeys had severely elevated thresholds at 25 kHz, while the fourth displayed severe impairment at 10-12 kHz. The impairment was severe enough that higher frequencies could not be tested. Hearing at 0.125-4 kHz was normal in all cases.
There was no apparent relationship between elevation of pure tone thresholds and concurrent or historical blood lead levels. The monkeys with the most elevated thresholds, 93 and 112, did not have the highest concurrent blood lead levels compared to other monkeys in the group. The monkey with the highest concurrent blood levels, 95, exhibited normal thresholds. There is also no apparent relationship be- tween the early peak or the long moderate steady-state blood lead levels and elevated auditory thresholds.
The results of the current study may be directly compared to studies in humans in which hearing thresholds were determined. In a study involving about 4500 children age 14-19 years, a subset of the Second National Health and Nutrition Examination Survey (NHANES II), Schwartz and Otto (1987) reported increased detection thresholds for tones of 500, 1000, 2000, and 4000 Hz, with no apparent threshold for the lead-induced deficit. The elevation in hearing threshold at 2000 Hz between individuals with blood lead concentrations averaging 5 /ig/dl and those with blood leads over 35 /zg/dl was about 7 dB. The authors concluded that the observed deficits were due to concurrent blood lead levels based on a lack of correlation between deficit and past lead concentrations. Baloh et al. (1979) found no difference in pure tone thresholds measured between 250 and 8000 Hz in 64 lead smelter workers with average blood lead concentrations of 61 /xg/dl compared with 31 controls having comparable industrial noise exposure with average blood lead values of 22 ^xg/dl. Speech discrimination scores also did not differ between groups. Studies in the European literature have reported deficits in pure tone audiology in lead workers (reviewed by Repko and Corum, 1979) , although the incidence of impairment was often low. High frequencies were reported to be more affected than low frequencies. Conditions of testing and appropriateness of the control group were often inadequate or inadequately described in these studies. Inadequate methodology has a significant potential for resulting in erroneous conclusions; for example, exposure to the high ambient noise levels present in industrial environments may result in significant hearing loss, which also affects higher frequencies preferentially.
There are several possible sites of lead-induced auditory damage. In a study in rhesus monkeys exposed to lead in utero and continuing after birth, BAERs were assessed at 7 years of age (Lilienthal et al., 1990) . Male monkeys with concurrent blood lead levels of 56 /xg/dl but not 40 /ig/dl exhibited longer latencies in response to a series of clicks; females were unimpaired. Similarly, rhesus monkeys exposed to lead either in utero or postnatally exhibited increased BAER latencies when tested at 11 years (Lasky et al., 1995) . Distortion product otoacoustic emissions, which reflect cochlear function, were not affected in this study, nor were middle latency evoked responses, which reflect higher level processing. Changes in BAERs as a function of blood lead level have also been observed in young children (Robinson et al., 1987) and in leadexposed adults (Discalzi et al., 1993 (Discalzi et al., , 1992 (1989) found changes in the VIHth nerve of adult guinea pigs exposed to high doses of lead, with no change in cochlear microphonics or endocochlear potential. Consistent with these results, high-dose lead exposure resulted in segmental demyelination of the VHIth nerve with no effect on cochlear morphology in developing guinea pigs (Gozdzik-2olnierkiewicz and Moszyriski, 1969 ). In contrast, no damage to the VHIth nerve or hair cells was observed in adult monkeys exposed from 5 to 24 weeks to doses of lead sufficient to produce weight loss and muscle weakness (Wilpizeski, 1974) . Minimal changes were observed in vestibular function; two monkeys in which bone conduction detection thresholds were determined between 125 and 16,000 Hz showed no impairment in function. The group of lead-exposed monkeys in the current study also underwent assessment of somatosensory function at 15 years of age, subsequent to assessment of auditory function (Rice and Gilbert, 1995) . Vibration sensitivity at the fingertip was determined by a psychophysical procedure analogous to that used in the current study. Monkey 93 exhibited the greatest impairment of vibration sensitivity, with 97 and 112 also showing impaired function. Those results are similar to the results of the present experiment in terms of individual sensitivity for 93 and 112; 97 showed normal auditory function and impaired somatosensory function, while the reverse was true for monkey 100. This group of monkeys also performed differently form controls on intermittent schedules of reinforcement (Rice, 1988 (Rice, , 1992a ), but exhibited no or marginal impairment on several tests of cognitive function (Rice, 1992b) . There was no indication of cognitive impairment in the present study, during either the training or the testing phase.
In summary, three of six monkeys exposed to lead over the lifetime exhibited thresholds for pure tones that were higher than the range of control values, with higher frequencies preferentially affected. Monkeys had high concurrent blood lead concentrations between 50 and 170 /ig/dl with a history of moderate blood lead levels of 30 /xg/dl. The relative contribution of concurrent and long-term moderate blood lead concentrations to the observed results is unknown. Effects appear relatively mild in light of the high concurrent blood levels and lifetime exposure to lead of these monkeys.
